Abstract. Drug resistance, a major obstacle to successful cancer chemotherapy, frequently occurs in recurrent or metastatic breast cancer and results in poor clinical response. Fulvestrant is a new type of selective estrogen receptor (ER) downregulator and a promising endocrine therapy for breast cancer. In this study, we evaluated the combination treatment of fulvestrant and doxorubicin in ER-negative multidrugresistant (MDR) breast cancer cell lines Bads-200 and Bats-72. Fulvestrant potentiated doxorubicin-induced cytotoxicity, apoptosis and G2/M arrest with upregulation of cyclin B1. It functioned as a substrate for P-glycoprotein (P-gp) without affecting its expression. Furthermore, fulvestrant not only restored the intracellular accumulation of doxorubicin but also relocalized it to the nuclei in Bats-72 and Bads-200 cells, which may be another potential mechanism of reversal of P-gp mediated doxorubicin resistance. These results indicated that the combination of fulvestrant and doxorubicin-based chemotherapy may be feasible and effective for patients with advanced breast cancer.
Introduction
Breast cancer is one of the most common malignancies and a leading cause of cancer-related mortality in women (1) .
Hormone receptor (HR), especially estrogen receptor (ER), plays important roles in the development and progression of breast cancer (2) . There are different therapy choices in clinic according to HR status of breast cancer. The HR-positive subtype which requires estrogen to grow potentially is susceptible to endocrine therapy that blocks the receptors to improve the prognosis (3, 4) , while the HR-negative sub-type, mostly relys on traditional chemotherapy. For example, anthracycline and taxanes based regimens are widely used as the first-line scheme (5, 6) . Although HR-negative breast cancer is sensitive to chemotherapy in initial treatment (7) , tumor recurrence frequently occurs (8) . In fact, drug resistance is believed to be one of the most common causes of tumor recurrence and is associated with a poor outcome for HR-negative breast cancer patients.
Women with recurrent or metastatic HR-positive breast cancer are appropriate candidates for initial endocrine therapy, and endocrine therapy may be active in patients with negative HR examination, especially in soft tissue disease and/ or bone-dominant disease (9) (10) (11) . Endocrine therapy is also associated with relatively low toxicity. However, to date, endocrine therapy and chemotherapy are recommended to be given sequentially, there is little evidence supporting the combination of endocrine therapy and chemotherapy as the ideal therapy strategy. Fulvestrant (ICI 182,780, Faslodex) is a new type of selective ER downregulator (12) (13) (14) . It binds, blocks and degrades ER, then inhibits ER-mediated transcriptional activity. Considering that fulvestrant is indicated for patients with disease progression which may imply the development of aquired drug resistance, we wonder whether fulvestrant could further enhance efficacy in combination regimens. Several research groups have reported the rationale and evidence for the efficacy of fulvestrant in combination with other agents such as gefitinib and trastuzumab (15, 16) .
In our previous studies, we found that the combination of fulvestrant could markedly reverse the ER-mediated resistance and sensitize ER-positive BCap37 cells which were derived from stable transfection of an ER-α expression vector into ER-negative BCap37 cells to antimicrotubule agents such as paclitaxel and vinca alkaloids in vitro and in vivo (17) (18) (19) . So fulvestrant not only works as endocrine therapy but can also sensitize the efficacy of conventional chemotherapeutic drugs for ER-positive breast cancer. More recently, we successfully established two independent novel paclitaxel-resistant cell lines Bats-72 and Bads-200 from the same parental BCap37 cell line, both of which were ER-negative and showed crossresistance to other anticancer drugs including doxorubicin (20) . Compared to parental BCap37 cells, both Bads-200 and Bats-72 cells overexpress P-glycoprotein (P-gp), which functions as an ATP-dependent efflux pump with a variety of substrates and plays an important role in mediating multidrug resistance (21) (22) (23) . Interestingly, we found that fulvestrant could significantly reverse the resistance to paclitaxel in Bads-200 and Bats-72 cell lines. In addition, we also found fulvestrant could enhance their sensitivity to many other chemotherapy drugs including docetaxel, vinorelbine and doxorubicin (24) .
To further explore this interesting phenomenon, we performed a series of experiments to investigate the combination treatment of fulvestrant and doxorubcin in ER-negative breast cancer cell lines Bads-200 and Bats-72 which may support the feasibility of the combination of fulvestrant and chemotherapeutic drugs for MDR breast cancer in the clinic.
Materials and methods
Cell lines and cell culture. The human breast cancer cell line BCap37, two MDR cell lines Bads-200 and Bats-72, paclitaxelselected derivative obtained from parental BCap37 cell line (20) , the human oral squamous carcinoma cell line KB and and its vincristine-selected derivative KBv200 were cultured in RPMI-1640 medium with 10% fetal bovine serum and 1% penicillin/streptomycin. Bads-200 cells were maintained in medium containing 200 nM paclitaxel (20) , and KBv200 were grown in medium added 100 nM vincristine to keep their drug resistance characteristics (25) .
Drugs and treatments. Doxorubicin, fulvestrant, verapamil and tamoxifen were purchased from Sigma (St. Louis, MO) for studies in vitro. All chemicals were prepared according to the drug specifications and diluted with culture medium to the desired concentrations before use. All cells were cultured in drug-free medium for more than 24 h before treatments. Then the cells were treated with distinct dose of doxorubicin with or without 3-h pretreatment of fulvestrant.
In vitro cytotoxicity assays. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to measure the drug-induced cytotoxicity. Briefly, 10 4 cells/well were seeded and incubated overnight, varying concentrations of designated drugs were added into each well. At the end of drug exposure for 72 h, MTT solution was added and the plates were further incubated for 3 h. Then, the medium was removed and 200 µl of DMSO was added to dissolve the formazan crystals, then individual wells were determined at 570 nm with a microplate reader. The relative fraction of survival was calculated by dividing the absorbance of treated wells by that of the untreated control. Background absorbencies were subtracted, IC 50 values represent concentrations causing 50% inhibition of cell growth.
Cell cycle analysis. Cell cycle distributions were assessed by flow cytometric analysis. Cells were incubated in 6-well plates with 10 5 cells/well. After 48 h of drug treatment, Both floating and adherent cells were collected and washed twice with ice-cold PBS. Following fixation in 70% ethanol diluted in PBS, the fixed cells were washed twice with PBS and treated with 100 µg/ml RNase and 40 µg/ml propidium iodide at room temperature for 0.5-1.0 h in the dark. Cell cycle distribution and DNA content were tested by a Coulter Epics v instrument (Beckman Coulter, Inc., Fullerton, CA, uSA) with an argon laser set to excite at 488 nm.
Intracellular doxorubicin distribution and accumulation.
Confocal cell images were determined to assess intracelluar doxorubicin distribution and accumulation. Cells were seeded on coverslips in 6-well tissue culture plates and incubated for 48 h to grow as monolayers, then they were treated with or without 5 µM fulvestrant for 2 h before exposure with 5 µM doxorubicin. After washing twice with ice-cold PBS, 10 µg/ml Hoechst-33342 was added into plates for nuclear staining, followed by fixation with 4% paraformaldehyde solution. Finally, air-dried coverslips were mounted on slides with glycerol-PBS (1:1) and imaged using a confocal laser scanning microscope at 600 times magnification.
Quantitation of doxobicin uptake and efflux. Cells were plated into 6-well plates and allowed to grow for 48 h. Then cells were exposed with doxorubicin in the presence or absence of fulvestrant followed by incubation for 2 h. To evaluate doxorubicin efflux, cells treated 2 h with the combination of doxorubicin and fulvestrant were further incubated in drug-free medium with or without fulvestrant for additional 2 h. After washed with ice-cold PBS, intracellular doxorubicin fluorescent intensity (accumulation fluorescence) was determined with Coulter Epics V instrument (Beckman Coulter, Inc.). The cells were excited at 485 nm, and emission was collected at 530 nm for doxorubicin.
ATPase activity assay. P-gp ATPase activity was measured with the Pgp-Glo assay system according to the manufacturer's instructions (Promega, Madison, WI, uSA) to identify the impact of fulvestrant on P-gp ATPase activity (26) . Fulvestrant (5 µM) or 5 µM doxorubicin were incubated with 5 mM MgATP and 25 µg recombinant human P-gp membranes at 37˚C for 40 min. Luminescence was initiated by ATP detection buffer. After 20 min to develop luminescent signals, the multiplate was read on a plate-reading luminometer. The decreased luminescence reflects ATP consumption.
Apoptosis assay. Cells were treated with doxorubicin and fulvestrant alone or in combination for 48 h and the cell morphology was identified using a light microscope at x 400 magnification. Annexin v-FITC staining (Beyotime, Haimen, China) was used to detect cell apoptosis according to the manufacturer's instructions (27) . Briefly, after the designated treatment and at the end of time-point, both detached and attached cells were harvested and washed twice with ice-cold PBS. The collected cells were then resuspended with Annexin v binding buffer and incubated with 5 µl of fluorescein isothiocyanate (FITC) Annexin V for 15 min at 4˚C in the dark. The percentages of apoptotic cells were determined by flow cytometry.
Western blotting. Cells were treated with doxorubicin and fulvestrant alone or in combination for 24 h. Cellular protein was isolated with a protein extraction buffer (Beyotime). Protein concentrations were measured with the BCA protein assay kit (Pierce). Equal amounts (40 µg/lane) of proteins were fractionated on 10-12% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. The membranes were incubated with the desired primary antibodies, respectively. After washing with PBS containing 0.1% (v/v) Tween-20, the membranes were incubated with anti-mouse or anti-rabbit IgG coupled to HRP second antibodies for 2 h at room temperature followed by enhanced chemiluminescent staining using the ECL system. β-actin was used for normalization of protein loading.
Statistical analysis. Data are presented as mean ± standard error (SE). Student's t-test was used to determine the statistical difference for two-group comparisons, and multiple-treatment groups were analyzed by one-way ANOvA. Differences were considered statistically significant at a level of P<0.05.
Results

Fulvestrant sensitizes doxorubicin-induced cytotoxicity in ER-negative MDR cell lines.
To evaluate the modulation activity of fulvestrant to doxorubicin in ER-negative MDR cell lines, including Bats-72, Bads-200 cell lines and KBv200 cell lines all with MDR phenotype as a result of P-gp overexpression, we examined its intrinsic cytotoxicity. The survival rates of the two MDR cell lines were >90% after exposure to 1-10 µM fulvestrant for 72 h (data not shown) and we chose 5 µM fulvestrant for the following test to evaluate its reversal activity. The sensitivities of the two different MDR cell lines treated with a series of concentrations of doxorubicin in the absence or presence of 5 µM fulvestrant are shown in Fig. 1A and B. The IC 50 values of 72-h doxorubicin exposure approximately were 0.11±0.03, 1.91±0.17 and 10.97±3.86 µM respectively. Three-hour-pretreatment with fulvestrant, which alone had no effect on cell viability, significantly sensitized Bats-72 and Bads-200 to doxorubicin in a dose-dependent manner. The IC 50 values were decreased to 0.50±0.10 µM in Bats72 and 1.47±0.05 µM in Bads200, respectively. For KB, KBv200 cells, similar results were found, the IC 50 value for KBv200 cells was decreased from 2.30±0.9 to 0.20±0.03 µM after treated with doxorubicin alone or in combination with fulvestrant for 72 h (Fig. 1B and Table I ). Other doses of fulvestrant were selected to further determine whether the reversal potency is dose-dependent. As Fig. 1C shows, 10 µM fulvestrant produced a more significant reversal effect than 1 µM fulvestrant after Bats72 and Bads200 cells were cotreated with 1 µM doxorubicin, although 1 µM fulvestrant also can enhance doxorubicin-induced cytotoxicity. These data indicated that fulvestrant strongly sensitized doxorubicininduced cytotoxicity in MDR cell lines.
The reversal activity of Fulvestrant was further compared with the classic P-gp modulators' efficacies, like verapamil and tamoxifen. First the cytotoxicities of verapamil and tamoxifen alone were determined by MTT assay, their concentrations at ≤10 µM exerted slight cytotoxicity on BCap37, Bats-72, Bads-200 cells, and the cell survival rates were >90% (data not shown). verapamil (5 µM) or tamoxifen were co-treated with serial concentrations of doxorubicin to BCap37, Bats-72, Bads-200 cells, respectively. As shown in Fig. 1A and Table I . The reversal activities of fulvestrant and other P-gp modulators.
Bats to 0.17±0.08 and 1.20±0.01 µM in Bats72 and Bads200 cells, respectively, and the IC 50 values of doxorubicin in the presence of tamoxifen were 0.86±0.13 and 4.26±0.70 µM in Bats72 and Bads200 cells, respectively. The trend of cell survival curves also showed that the reversal potency of fulvestrant is similar to that of verapamil and is more effective than that of tamoxifen when in combination with doxorubicin at the same doses.
Fulvestrant potentiates doxorubicin-induced apoptosis.
To further investigate whether fulvestrant potentiates the cytotoxicity of doxorubicin to induce apoptosis, morphologic analysis was done using a regular light microscope after BCap37, Bats-72, Bads-200 cells treated with doxorubicin and fulvestrant alone or in combination for 48 h. As depicted in Fig. 2 , fulvestrant reinforced the degree of doxorubicininduced cell death in Bats-72 and Bads-200 cells, while treatment with fulvestrant alone showed no change on cellular morphology. Quantification of apoptosis was determined by Annexin v-FITC assay. 5 µM fulvestrant significantly increased the percentage of Annexin v-positive cells after treated with 1 µM or 5 µM doxorubicin in Bats72 cells and Bads200 cells. Interestingly, fulvestrant also increased apoptosis induced by 1 µM doxorubicin in Bcap37 cells and obviously changed their cellular morphology, while there was little difference between treatment with 5 µM doxorubicin in the presence or absence of fulvestrant, both of which induced >90% percentage of Bcap37 cells death, as a result that 5 µM doxorubicin alone killed almost all the Bcap37 cells. The results demonstrate that the apoptosis levels increased with higher doxorubicin concentrations and fulvestrant potentiated doxorubicin-induced apoptotic in the three cell lines.
Fulvestrant enhances doxorubicin-induced G2/M arrest and upregulation of cyclin B1.
In previous studies, different levels of doxorubicin dose produced different cell death pathways, and lower doses may induce G2/M arrest (28, 29) . To investigate whether fulvestrant also enhanced doxorubicin-induced G2/M arrest, cell cycle distribution was analysed by flow cytometric assay (Fig. 3A) . After 48-h exposure of 0.1 µM doxorubicin with 3-h pretreatment of 5 µM fulvestrant, the population of cells in G2/M phase in the Bats72 and Bads200 increased markedly compared with that of the doxorubicin treatment alone. Conversely, fulvestrant showed little effect on the cell cycle of BCap37 cells while the majority of BCap37 cells were arrested in G2/M phases with or without fulvestrant.
In order to further elucidate that fulvestrant increased doxorubicin-induced cell cycle arrest at G2/M phase, we examined its modulation on protein levels associated with the G2/M phase of the cell cycle. BCap37, Bats-72 and Bads-200 cells were exposed to 0.1 and 1 µM doxorubicin for 24 h, and then the levels of several protein were detected. Western blotting (Fig. 3B ) revealed fulvestrant upregulated cyclin B1 expression following co-treatment with 0.1 µM doxorubicin in Bats-72 cells and both 0.1 and 1 µM doxorubicin in Bads-200 cells, while 0.1 µM doxorubicin resulted in the maximal expression levels of cyclin B1 in BCap37 cells with or without fulvestrant. Cyclin B1 expression seems cell cycle-dependent, the increase in cyclin B1 protein levels was associated with the extent of doxorubicin-induced G2/M arrest in all the three cell lines. Another protein, the cdc25c which is an upstream regulator of cyclin B1 showed no change in protein levels compared with various treatment, further indicating that the doxorubicin-induced G2/M arrest was more likely mediated by the level of cyclin B1. Additionally, we also detected the anti-apoptotic Bcl-2 protein levels which remained constant before and after treatment.
Fulvestrant functions as a substrate for transport by P-gp, without affecting its expression.
It has been believed that the change of P-gp expression or its function may influence the efficacy of P-gp-mediated MDR, therefore the relationship between fulvestrant and P-gp was studied. Western blotting (Fig. 3B) showed doxorubicin, fulvestrant alone or in combination did not alter the expression of P-gp. To further determine the interaction between fulvestrant and P-gp which acts as an ATP-dependent efflux pump and relies on ATP hydrolysis, the effect of fulvestrant on P-gp ATPase activity was measured next. As Fig. 4 shows, fulvestrant significantly stimulated the P-gp ATPase activity like doxorubicin which means fulvestrant is a substrate for transport by P-gp. Interestingly, the decrease in luminescence (the average relative light units ∆RLu) of 5 µM fulvestrant-treated samples was approximately 105.17±13.21, which is almost equal to that of 5 µM doxorubicin-treated samples which was 100.73±6.18. These data demonstrate fulvestrant reverses doxorubcin resistance as a substrate of P-gp that inhibits its role of drug-efflux pump.
Fulvestrant alters intracellular doxorubicin distribution, accumulation and retention. using confocal fluorescent microscopy, we observed the doxorubicin auto-fluorescent intensity to assess the intracellular doxorubicin distribution and accumulation in BCap37, Bats-72 and Bads-200 cells. Fig. 5 indicated that intracellular doxorubicin which increased in a time-dependent manner were mostly accumulated in nuclei of the parental BCap37 cells, but localized both in the nuclei and cytoplasm of Bats-72 and Bads-200 cells. Co-treatment of fulvestrant increased doxorubicin accumulation and relocalized it to the nuclei in Bats-72 and Bads-200 cells. Quantitation of doxorubicin uptake and efflux was measured by flow cytometric analysis. As Fig. 6 illustrates, the doxorubicin uptake was slower but efflux was faster in Bats-72 
Discussion
By a series of cytotoxicity assays in vitro, we found that fulvestrant significantly sensitized doxorubicin-induced cytotoxicity in a dose-dependent manner in ER-negative MDR cell lines including Bats-72, Bads-200 cell lines and KBv200 cells. Direct comparison with known modulators further elucidated that the reversal potency of fulvestrant is similar to that of verapamil and more potent than that of tamoxifen when administered at the same doses in vitro. In addition, compared to other MDR modulators, another prominent feature of fulvestrant is its safety. The concentration of fulvestrant required to achieve a marked reversal has little cytotoxicity by itself. Clinical observations further confirmed this conclusion, fulvestrant which is a pure ER antagonist possesses no agonist effects, while tamoxifen is thought to be a partial estrogen agonist. Estrogen side effects may cause endometrial hyperplasia or cancer, uterine sarcoma, and may increase the risk of deep vein thrombosis and stroke (30) (31) (32) . Considering the effective and well-tolerated properties, fulvestrant is a promising modulator for the treatment for P-gp-mediated drug resistance.
Cumulative evidence suggests that resistance to cell death programs and cell cycle arrest also contributes to the development of MDR (33) (34) (35) . Our data indicate that the extent of doxorubicin-induced apoptosis and G2/M arrest is closely related to the potency of drug resistance in BCap37, Bats-72, Bads-200 cell lines. Fulvestrant significantly potentiated doxorubicin-induced apoptosis and G2/M arrest in Bats-72 and Bads-200 cell lines, while it alone did not induce apoptosis or change cell cycle progression, probably representing fulvestrant restored sensitivity to doxorubicin in Bats-72 and Bads-200 cell lines partially through regulation of cell death and cell cycle pathways. The western blot analyses further indicated that the doxorubicin-induced G2/M arrest was more likely mediated by the level of cyclin B1, and fulvestrant enhanced doxorubicin-induced G2/M arrest through upregulation of cyclin B1 expression. It is well known that alterations of the levels of Bcl-2 family proteins play an active role in apoptotic pathways (36, 37) . It seemed that the levels of the major anti-apoptotic protein Bcl-2 which remained stable with or without doxorubicin did not associate with the sensitivity to doxorubicin-induced apoptosis.
The interaction between fulvestrant and P-gp was further investigated. The ATPase assay showed fulvestrant could stimulate the ATPase activity of P-gp, which means that it acts as a substrate of P-gp to inhibit its function of drug-efflux possibly by competitively binding to P-gp. Western blotting further indicated that fulvestrant did not alter P-gp expression. Therefore, fulvestrant could modulate P-gp mediated resistance mainly by inhibiting its function, and not by inhibiting its expression. On the other hand, fulvestrant increased intracellular doxorubicin accumulation and retention in Bats-72 and Bads-200 cells, but had no significant influence in parental BCap37 cells that lack P-gp, also implied that the reversal of drug resistance by fulvestrant was probably attributable to the inhibition of P-gp-mediated drug transport. Interestingly, we observed that Bats-72 and Bads-200 cells altered intracellular doxorubicin distribution and accumulation compared with parental BCap37 cells. Confocal cell images displayed that intracellular doxorubicin was mostly concentrated in nuclei of the parental BCap37 cells, but localized both in the nuclei and cytoplasm of Bats-72 and Bads-200 cells, especially for Bads-200 cells, the majority of doxorubicin was still in the cytoplasm. Those results suggested that doxorubicin could not easily get access to nuclear targets of MDR cells. Fulvestrant not only restored doxorubicin accumulation but also tried to relocalize it to the nuclei in Bats-72 and Bads-200 cells. The mechanism of doxorubicin activity is thought to interact with DNA by intercalation (38) (39) (40) , so fulvestrant increased the amount of doxorubicin accessed to nuclear targets in MDR cells, which maybe another potential reason related to its reversal potency to P-gp mediated doxorubicin resistance.
In conclusion, we have shown that fulvestrant significantly reverses P-gp mediated resistance to doxorubcin in vitro. The results suggest that fulvestrant not only takes part in ER-mediated pathway for breast cancer therapy, but also has an important role in the reversal of drug resistance when combined with chemotherapy agents independent of ER expressing. This study may provide useful clues for understanding the novel anticancer mechanism of fulvestrant and supporting the clinical application of fulvestrant when added to chemotherapy regimens for the treatment of metastatic and progressive breast cancer, however, further research is still needed to determine the ideal combination therapy strategy.
